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Comparison of ICEPEL Predictions With 
Single-Elbow Flexible Piping System 
Experiment 
The ICEPEL Code for coupled hydrodynamic-structural response analysis of piping 
systems is used to analyze an experiment on the response of flexible piping systems to 
internal pressure pulses. The piping system consisted of two flexible Nickel-200 pipes 
connected in series through a 90-deg thick-walled stainless steel elbow. A tailored 
pressure pulse generated by a calibrated pulse gun is stabilized in a long thick-walled 
stainless steel pipe leading to the flexible piping system which ended with a heavy 
blind flange. The analytical results of pressure and circumferential strain histories 
are discussed and compared against the experimental data obtained by SRI Inter-
national. 
Introduction 
Experimental investigations in the physical sciences have long 
been used to help understand the physical phenomena involved. 
The insights gained from these investigations can also help 
analyze the phenomena closely. Recently, the advances in com-
puter technology have made possible the analysis of complex 
phenomena by computer codes, but the process usually involves 
some simplifications and assumptions. Therefore, experimental 
verification of such codes is necessary to increase confidence in 
their performances. Well designed experiments can also help 
modify and simplify such codes for better efficiency. 
ICEPEL is a transient two-dimensional code for coupled hydro-
dynamic-structural response of piping systems under the effect 
of internally travelling pressure pulses [1]. In the hydrodynamic 
calculations, the Implicit Continuous-Fluid Eulerian (ICE) 
finite difference technique is used to solve the full Navier Stokes 
equations, including the nonlinear convective and viscous terms 
[2]. Hydrodynamic models for pipes, elbows, generalized piping 
components, tee-branching junctions, surge tanks, and rupture 
disks are available and can be coupled together in a way to be 
prescribed in the input data. The exterior walls of the pipes and 
the generalized components can either be rigid or deformable, 
while those of the elbows are assumed to be rigid. 
The generalized piping component model includes several 
options that make it suitable in representing valves, pipe flow 
area changes, and heat exchangers. The options are: nine different 
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exterior wall configurations, interior rigid wall simulation, and 
heat exchanger's tube bundle representation. 
The structural calculations of the ICEPEL code utilize a non-
linear convected coordinates finite-element scheme for large dis-
placements, small strains, elastic-plastic structural dynamics 
analysis [3]. The exterior walls are represented by axisymmetric 
conical thin shell elements that consider both the membrane and 
bending strengths of the material. Each element is associated 
with a set of convective coordinates that rotates, but does not de-
form with the element. A cubic polynomial and a linear shape 
functions are, respectively, used to approximate the transverse 
and axial displacements of the element with respect to the con-
vective cooi'dinates. Both strains and nodal forces are, respec-
tively, assumed to be linearly related to the displacements and 
stresses relative to the convective coordinates. Important non-
linearities arising from large rotations are accounted for by the 
transformation between the convective and global coordinates. 
Nonlinearities in material behavior are, however, considered as 
a multisegment piecewise linear stress-strain relationship. The 
governing equations are then solved in time by explicit integra-
tion and a lumped mass technique. 
The structural and hydrodynamic calculations are coupled 
together in each time step in such a way that the hydrodynamic 
computations supply the structure with a pressure loading. Ac-
cording to this pressure loading the response of the structure is 
computed. The computed velocity of the structure provides the 
fluid with a moving boundary condition to match. The fluid 
interface with the structure is considered as subjected to a certain 
pressure distribution that controls its motion such tha t the fluid 
and the structure move together in a direction normal to the wall 
while allowing the fluid to freely slide along the wall. 
An experimental program for the verification of the different 
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Fig. 1 Layout of the SRI pipe-elbow experiment E-103 
models and the coupling techniques in the I C E P E L code was 
undertaken. The first phase of the program consists of five 
simple experiments designed by Argonne National Laboratory 
and constructed and performed by SRI International (formerly 
Stanford Research Institute) [4]. Two straight flexible pipe 
tests, FP-SP-101 and FP-SP-102, and three single-elbow loop 
tests, FP-E-101, FP-E-102, and FP-E-103, were performed. 
The straight pipe tests, FP-SP-101 and FP-SP-102, have been 
analyzed by the ICEPEL Code and the results were compared 
against the SRI experimental data [5]. In this paper the analysis 
of test FP-E-103 and the comparison of its results against the 
SRI experimental results is reported as a typical case of the 
single-elbow loop tests. The results of the other two single-elbow 
loop tests will be commented on only where basic differences 
among the tests appear. 
Description of Experiment 
A schematic of the experimental layout and the instrumenta-
tion locations of the single-elbow loop test is shown in Fig. 1. A 
pulse gun is directly flanged to a thick-walled stainless steel pipe 
of 8.26 cm (3.25 in.) outside diameter, 0.48 cm (0.188 in.) wall 
thickness, and 304.8 cm (10 ft) length. The thick-walled stainless 
steel pipe is directly flanged to a flexible Nickle-200 pipe which is 
152.4 cm (5 ft) long and has an outside diameter of 7.62 cm (3 in.), 
and a wall thickness of 0.165 cm (0.065 in.). This flexible pipe is 
connected in series to an identical pipe through a 90-deg thick-
walled stainless steel elbow of 11.43 cm (4.5 in.) radius of curva-
ture. Two short transition pieces are welded to both ends of the 
elbow to gradually change the inside diameter from that of the 
elbow (7.06 cm, 2.78 in.), which is less than that of the connected 
flexible pipes, to a diameter of 7.24 cm (2.85 in.). The inside 
diameter of the connected pipes is 7.29 cm (2.87 in.). Measure-
ments of the elbow cross section at the different locations showed 
a slightly egg-shaped cross section with the inside diameter 
varying from one to the other. 
A heavy blind flange was at the end of the second flexible pipe 
in tests E-102 and E-103. In test E-101 the end of the second 
flexible pipe was a simple open end. All flanges were well sealed 
and were connected to heavy brackets anchored to the ground 
to limit both the lateral and longitudinal motions of the flanges. 
This was to satisfy a requirement of the ICEPEL code that all 
flanges be stationary. The system was full of stagnant water at 
the moment of charge detonation in the pulse gun. 
A total of eighteen pressure transducers (PCB1, Model 113A03/ 
61), shown by P I through P18, were used to monitor the pressure 
pulse propagation along the system. Their measurements were 
recorded on magnetic tape. Up to three pressure transducers 
were mounted a t the same axial location before and after the 
elbow to check the effects of the elbow on the axisymmetry of the 
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flow inside the pipes. Also, three pressure transducers, P l l 
through P13, were mounted at the midsection of the elbow to 
record the radial distribution inside the elbow. 
Twenty strain gages (Model EP-08-250BF-1202), shown by 
SGi through SG20, were used at four axial locations in the first 
flexible pipe to monitor its response to the travelling pressure 
pulses. The strain gages have an active length of 0.635 cm 
(0.25 in.) and are .capable of measuring strains up to 5 percent. 
Strain gages were mounted in groups of five. Each group was 
cireumferentially distributed at uniform 60-deg intervals at each 
axial location to check the uniformity of strains around the cir-
cumference of the pipe. The second flexible pipe was not in-
strumented with strain gages. Special preparation of the pipe 
surface was required along with special gage application tech-
niques developed at SRI to assure reliable measurements during 
the dynamic tests [6]. 
ICEPEL Analytical Model 
Since only pressure histories of the form P(t) can be used as 
an input to an ICEPEL model of a piping system, the pressure 
history as recorded by gage P I is used as an input pulse to the 
pipe system downstream from it. Thus, the ICEPEL model of 
the pipe system considers only 228.6 cm (90 in.) of the thick-
walled stainless steel pipe directly connected to the Nickel-200 
flexible pipes with a rigid elbow in between. However, the elbow 
in the model has the same inside diameter as the Nickel-200 pipes. 
I t should be noted here that since the duration of the pressure 
history as recorded by gage P I is 3 ms, and since a pressure pulse 
requires more than 3 ms to travel from gage P I to the entrance 
to the thin-walled flexible Nickel-200 pipe and back to gage PI , 
the pressure record at P I does not include any interactions be-
tween the incident pulse and any possible reflections from the 
flexible pipe. Hence, it can be safely used as an input to the 
analytical model. 
All pipes are divided into equal finite difference zones of 1.82 
cm radial zone size and 2.54 cm ( 1 in.) axial zone size. The elbow 
itself is divided into four radial zones and five tangential zones. 
The thick-walled stainless steel pipe is considered in the model 
as made of Nickel-200, the same material as the flexible test pipe, 
but with a 1-cm-thick wall to limit its response to elastic response. 
Material properties for the thick-walled stainless steel pipe were 
not measured by SRI. Since elastic pipe wall response does not 
significantly alter the shape or the magnitude of travelling pres-
sure pulses, the substitution of the thick-walled stainless steel 
pipe by a thick-walled Nickel-200 pipe is not expected to affect 
the results in the region of interest, the flexible Nickel-200 pipe 
system, as long as the response of the thick-walled pipe remains 
elastic in the analysis and in the experiment. The walls of the 
flexible pipes are 0.165 cm thick. 
Because the heavy blind flange at the end of the second flexible 
pipe and the rigid elbow were anchored to the ground, they are 
represented in the analysis by fixed shell nodes, i.e., neither 
translation nor rotation is permitted at such nodes. 
Pipe Material Properties 
Stress-strain properties of Nickel-200 were measured by SRI 
on specimens cut from a scrap of the Nickel-200 pipes. The 
specimens were flattened and then annealed in exactly the same 
way the test pipes were annealed. 
Stress-strain properties were measured at two strain rates to 
determine whether or not Nickel-200 is strain rate dependent. 
An Instron (Model TTCL-M1.6 Universal Testing Machine) 
pulled specimens at low strain rates and an MTS (Model 911.93 
Hydraulic Test Stand) pulled them at the higher strain rate. 
During the low strain rate tests, load and strain were recorded on 
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Fig. 2 Stress-strain relationship for Nickel-200 
Table 1 Stress-strain values of Nickel-200 used in code calculations 









a two-track x-y plotter. For the high strain rate tests, load and 
strain were recorded on dual-beam oscilloscopes. The data were 
then digitized for later computer analysis. The results a t two 
different strain rates are shown in Fig. 2. No significant effect 
was found for a three-order-of-magnitude increase in strain rate. 
Hence, SRI concluded that Nickel-200 is nearly free of strain 
rate effects. More test at different strain rates, particularly at 
values close to the actual strain rate of the pipe would have been 
more desirable. 
Since the actual strain rate in the pipe tests is about three-
order-of-magnitudes higher than the highest strain rate of the 
material property tests, the stress-strain properties at the higher 
strain rate are considered to approximate those of the test pipes. 
In the ICEPEL code, stress-strain relationships are approxi-
mated by a multisegment piecewise linear stress-strain curve. 
Attempts to approximate the relationship with a bilinear relation-
ship and at the same time best approximate the plastic part of 
0 1.5 3.0 4.5 
Time, ms 
Fig. 3 Input pressure pulse (gage PI, SRI) 
6.0 
the curve will require that the yield point be artificially raised 
above the actual value for the material. Such an approximation 
is acceptable if the strains are known to be well in the plastic 
region. 
However, in a piping system, the magnitude of the pressure 
peaks transmitted beyond the region of plastic wall deformation 
depends on the yield pressure of the pipe. A higher yield stress 
for the pipe wall material permits transmission of higher pressure 
peaks. Consequently, the pressure pulses that result from the 
interaction of the transmitted pressure pulse with piping com-
ponents or with flow-area-changes in the system and the plastic 
wall deformation resulting from them, are bound to be overesti-
mated because of the artificially higher yield stress value for the 
wall material. 
This type of result was observed on a preliminary model of the 
straight pipe tests in which a bilinear stress-strain relationship 
was used. Higher pressure peaks were transmitted beyond the 
region of plastic-wall deformation. This resulted in the reflection 
of higher pressures from the blind flange and higher strains in the 
flange vicinity. Reducing the yield stress in a bilinear stress-
strain relationship reduced the transmitted pressure peaks and, 
hence, reduced the strain at the right end of the pipe. 
Therefore, a quadrilinear stress-strain relationship is used to 
approximate the stress-strain properties at the higher strain rate. 
Such relations are shown in Fig. 2 by the circles and are listed in 
Table 1. 
Comparison of ICEPEL Results With 
Experimental Data 
The input pressure pulse for the analytical model is shown in 
Fig. 3 as recorded by gage P I in test FP-E-103. Figs. 4 and 5 
show the comparison between the analytical and experimental 
pressure histories at locations P2 and P3 inside the thick-walled 
pipe. As can be seen, a very good agreement in so far as the pulse 
shape and arrival time is concerned. However, the analytical 
pressure peak magnitude is lower than the experimental peaks 
particularly at gage P3. One reason for this is the inherent fea-
ture of the implicit finite difference methods in smearing off sharp 
peaks such as those of location P2 and P3. The use of smaller 
hydrodynamic time step in the calculation was found to improve 
the resolution of sharp pressure peaks. I t should be noted here 
that the experimental pressure history at gage P3 shows a much 
higher pressure peak than that at gages P I and P2 upstream 
from P3. That explains why the difference between the analytical 
and experimental pressure peaks is higher at gage P3 than at 
gage P2. 
Indicated also in the figures are the effects of the right to left 
moving rarefaction wave reflecting back from the flexible pipe, 
causing cavitation to occur at gage P2, which s indicated by the 
bottoming of the experimental pressures a t about 2.5 ms. The 
calculations agreed in predicting the occurence of cavitation a t 
this location by the zero pressure which is the cut-off pressure in 
the ICEPEL code. The effect of the same reflected rarefaction 
wave on the pressure history at gage P3 is the fast unloading of 
the incident pulse. 
The last pressure peak obtained in the analysis is a result of the 
reflected pressure pulse from the closed rigid end of the second 
flexible pipe. No pressure records were reported a t locations P2 
and P3 beyond 3 ms. 
In Figs. 6 and 7, the comparison between the analytical and 
experimental pressure histories at the beginning of the first flex-
ible pipe at gages P4 and P5 is shown. A very good agreement in 
all aspects of the incident pressure pulse is obtained. However, 
the analysis is showing slightly higher pressures than the experi-
mental pressure in the tail portion of the incident pulse at loca-
tion P4, which is the closest position to the flange between the 
thick-walled pipe and the flexible pipe. This flange, which can be 
responsible for the noise in the experimental data, is not modeled 
in the analysis. 
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Fig. 4 Analytical and exper imenta l pressure histories a t location P2 
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Fig. 5 Analytical and experimental pressure histories at location P3 
in the rigid pipe 
The figures also indicate the effect of plastic pipe wall deforma-
tion on the traveling pulse. The pressure peaks are rapidly at-
tenuated to about 6 MPa in only 3.81 cm (1.5 in.) and further 
reduced to about 5 MPa in 15.24 cm (6 in.). The dispersion of 
the pulse is also indicated in the broadening of the pressure pulse 
as compared to the pulses in the thick-walled pipe. 
The reflected pressure pulse from the blind flange at the end 
of the second flexible pipe indicated by the last pressure peak, is 
shown to be slightly higher analytically than experimentally. As 
will be seen later, this is consistent at all locations. The reason 
for this is believed to be the conservative nature of modeling 
the blind flange as a rigid dead end. Experimentally, although 
the flanges were anchored to the ground to limit their motion, 
some of the incident pulse energy was expended in axially ex-
panding the pipe as the pulse hit the flange. 
As the pulse travels along the first flexible pipe, the plastic 
pipe wall deformation further attenuates the pressure peaks down 
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Fig. 6 Analytical and experimental pressure histories at location P4 
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Fig. 7 Analytical and experimental pressure histories at location P5 
in the first flexible pipe 
pressure of the pipe (3.5 MPa) because of the inertia of the pipe 
wall. This is seen in Figs. 8 through 10 which show the compari-
son between the analytical and experimental pressure histories at 
gages P6, P7 and P8-P10 of the first flexible pipe. Again the 
agreement in all aspects of the pressure pulse is demonstrated. 
Comparatively, however, the agreement at gage P6 of Fig. 8 is 
not as good as those a t the other gages. The analysis shows higher 
pressures than the experiment. Comparison of the experimental 
pressure histories upstream and downstream from gage P6 with 
that at gage P6 indicates that gage P6 may have been in error 
when recording the lower pressures. 
In Fig. 10 the experimental records of gages P8-P10 show no 
variation of pressure around the circumference of the pipe, thus 
confirming the axisymmetry of the flow in the pipe upstream 
from the elbow, an assumption used in the ICEPEL hydrody-
namic coupling of the pipe and elbow models. 
Downstream from the elbow, at gages P14-16 and P17-18, the 
comparison between the analytical and experimental pressure 
histories is shown in Figs. 11 and 12. Again, no effect of the elbow 
is indicated as the experimental data confirm the axisymmetry 
of the flow in the pipe downstream from the elbow. At both loca-
tions the analysis has consistently overestimated the pressures. 
The reason is that the elbow attenuated the pressure peaks by 
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Fig. 8 Analytical and exper imenta l pressure histories at location P6 
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Fig. 9 Analytical and experimental pressure histories at location P7 
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as much as 18 percent in the experiment, while the analysis did 
not show as much attenuation. 
In fact, the analysis showed no drop in the absolute value of 
the peak pressures. However, a craeful investigation of the analy-
tical pressure histories before and after the elbow reveals that 
some loss occurs inside the elbow. Fig. 10 shows that the pressure 
history before the elbow has an almost flat pressure peak of about 
4 M P a lasting for about 0.75 ms. Fig. 11 shows that the pressure 
history after the elbow rose at the same rate as that at location 
P8-P10, before the elbow, until a pressure of about 3.5 MPa was 
reached; then the pressure continued to increase but at a reduced 
rate until it reached a peak of 4 MPa, which lasted for only a 
brief time compared to the duration of the peak before the elbow. 
A source of the attenuation of the experimental pressure peak 
along the elbow is the slight oval geometry of the elbow section. 
Also, the elbow had a nominal inside diameter of 7.06 cm and 
was connected to short transition pieces that increased the diam-
eter to 7.24 cm which is less than the inside diameter (7.29 cm) 
of the connected pipes. This geometry cannot be included in the 
analytical model. 
Inside the elbow, the analysis showed that the pressures near 
the outer walls of the elbow are about 50 percent higher than the 
pressures near the inner walls, whereas the experimental data 
showed no special trend, i.e., there was no significant difference 
in the pressure inside the elbow. Theoretically, one expects 
higher pressures near the outer walls of the elbow than near the 
P14 | 
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Fig. 11 Analytical and exper imenta l pressure histories a t locations 
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P8-P10 of the first flexible pipe P17-P18 of the second flexible pipe 
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Fig. 13 Analyt ical and exper imenta l c i rcumferent ia l strain histories 
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Fig. 14 Analytical and exper imenta l c i rcumferent ia l strain histories 
at 15.24 cm into the first f lexible pipe (SGe-SG,,,, SRI) 
inner walls because of the curvature and centrifugal effects. 
Among all the three elbow tests, only the elastic test FP-E-102 
showed higher pressures near the outer walls than near the inner 
walls of the elbow. However, all pressure data downstream from 
the elbow were lost in test FP-E-102. 
The analytical and experimental strain histories in the first 
flexible pipe are compared in Figs. 13 through 16. At each axial 
location the analytical strain histories as predicted by the 
ICEPEL code are within the rather wide scatter of the experi-
mental strain measurements. Generally, the analytical and ex-
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Fig. 16 Analytical and exper imenta l c ircumferent ia l strain histories 
at 3.81 cm f rom the elbow in the first flexible pipe (SGw-SGjn, SRI ) 
arrival time. Both the analysis and the experiment indicated the 
arrival of the reflected pressure pulse from the blind flange at the 
end of the second flexible pipe. 
The small negative strains at the last axial location of the first 
flexible pipe were measured experimentally and also predicted 
analytically. This can be attributed to the precursor effects 
which result from the difference of wave speeds in the pipe wall 
and in the fluid. The wave propagates slower in the fluid. 
The experimental variation in strains around the circumference 
of the pipe was first attributed to nonuniformity of the pipe wall 
thickness. The pipe was a commercial off the shelf pipe in which 
the wall thickness was found to vary within ± 5 percent around 
the circumference. But, because of the large variations in strains 
and because of the inconsistency between the strains and wall 
thickness (i.e., the highest strains did not always occur at the 
smallest thickness location), one is led to believe that variations 
in wall thickness cannot be totally responsible for the recorded 
strain variations. Such variation in thickness around the cir-
cumference of the pipe cannot be modeled in the ICEPEL code 
which treats the walls as axisymmetric thin shells. 
Another source of variation of strains around the circumference 
is bending of the pipe which can result from imperfections in the 
commercial pipe used. Examination of the records of the different 
strain gages for test FP-E-103 shows that the highest strains a t 
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the first two axial locations were measured by gages SGi and SG2 
for the first axial location and by gages SG6 and SG7 for the 
second axial location, whereas at the other end of the pipe the 
highest strains were measured by gages SGu and SGi« at the 
third axial location and by gages SG19 and SG20 at the fourth 
axial location. Referring to the location of these gages in Fig. 1, 
the described mode resembles the second bending mode for the 
first flexible pipe. 
Another noteworthy remark is that the analysis predicts higher 
strains near the elbow (SG16-SG20, Fig. 16) than further away 
from the elbow (SGn-SGu,, Fig. 15). This indicates a pressure 
pulse reflecting back from the rigid elbow to the first flexible pipe. 
However, because of insufficient strain measurements in the 
vicinity of the elbow and because of the variations in experi-
mental strain at the same axial location this conclusion cannot 
be drawn. Thus, the importance of pretest analysis of experi-
ments in locating the instrumentation is demonstrated. 
Summary and Conclusions 
For the physical phenomena of pressure pulse propagation 
along pipe systems, it has been demonstrated both experimentally 
and analytically that, although plastic pipe wall deformation 
rapidly attenuates, high pressure peaks to magnitudes slightly 
higher than the yield pressure of the pipe, the subsequent inter-
action of the transmitted pressure pulses with the different piping 
components and with other traveling pulses can produce: (a) 
pressure pulses of greater magnitude that cause more plastic de-
formation to occur elsewhere, or (6) a rarefaction pressure wave 
that may cause cavitation to occur. The more complex the pipe 
system is the harder it is to follow the pressure pulses and to 
predict the severity and location of the critical regions in the 
system. It has also been demonstrated that the ICEPEL pre-
dictions have generally agreed with the experimental measure-
ments of pressure and strain histories. All aspects of the time 
histories were in very good agreement. The elbow, however, 
appears to need further analytical as well as experimental in-
vestigations to resolve the question of radial pressure distribution 
inside the elbow and the pressure peak attenuation along the 
elbow. Reinvestigation of the ICEPEL elbow model is in progress 
at Argonne National Laboratory. 
In the course of analyzing and comparing the analytical and 
experimental results of the other two single elbow loop tests 
FP-E-101 and FP-E-102 [7], it was found that there is an analy-
tical peak pressure drop of about 7 percent in test FP-E-101 
which differed from test FP-E-103 only in having the end of the 
second flexible pipe open. Also, in test FP-E-102, the experi-
mental pressure measurements inside the elbow showed higher 
pressures near the outer walls than near the inner walls, in agree-
ment with the analysis. 
Therefore, it is recommended here that a precision elbow test 
be performed to help resolve these inconsistencies. In such a 
test more strain gages should be axially mounted in the vicinity 
of the elbow in both pipes to monitor any pressure pulse reflec-
tions from the rigid elbow. Reflections from the elbow can be 
seen in strain measurements more than in pressure measurements. 
The experimental strain variations around the circumference 
of the pipe is not totally due to the variation in pipe wall thick-
ness. The same mathematical model, when used once with the 
pipe wall thickness equal to the smallest measured thickness and 
once when equal to the largest measured thickness showed only 
about 15 percent difference in the strain at the same axial location 
of the pipe. Bending of the pipe resulting from pipe imperfections 
is another source of strain variation around the pipe circum-
ference. This emphasizes the importance of including in the 
analysis the pipe wall flexural stresses with the hoop stresses. 
Experimentally a precision pipe experiment can eliminate the 
wall thickness variation. 
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